Ennis, Matthew, Mingyan Zhu, Thomas Heinbockel, and Abdullah Hayar. Olfactory nerve-evoked, metabotropic glutamate receptor-mediated synaptic responses in rat olfactory bulb mitral cells. J Neurophysiol 95: 2233-2241, 2006. First published January 4, 2006 doi:10.1152/jn.01150.2005. The group I metabotropic glutamate receptor (mGluR) subtype, mGluR1, is highly expressed on the apical dendrites of olfactory bulb mitral cells and thus may be activated by glutamate released from olfactory nerve (ON) terminals. Previous studies have shown that mGluR1 agonists directly excite mitral cells. In the present study, we investigated the involvement of mGluR1 in ON-evoked responses in mitral cells in rat olfactory bulb slices using patch-clamp electrophysiology. In voltage-clamp recordings, the average EPSC evoked by single ON shocks or brief trains of ON stimulation (six pulses at 50 Hz) in normal physiological conditions were not significantly affected by the nonselective mGluR antagonist LY341495 (50 -100 ⌴) or the mGluR1-specific antagonist LY367385 (100 M); ON-evoked responses were attenuated, however, in a subset (36%) of cells. In the presence of blockers of ionotropic glutamate and GABA receptors, application of the glutamate uptake inhibitors THA (300 M) and TBOA (100 M) revealed large-amplitude, long-duration responses to ON stimulation, whereas responses elicited by antidromic activation of mitral/tufted cells were unaffected. Magnitudes of the ON-evoked responses elicited in the presence of THA-TBOA were dependent on stimulation intensity and frequency, and were maximal during high-frequency (50-Hz) bursts of ON spikes, which occur during odor stimulation. ON-evoked responses elicited in the presence of THA-TBOA were significantly reduced or completely blocked by LY341495 or LY367385 (100 M). These results demonstrate that glutamate transporters tightly regulate access of synaptically evoked glutamate from ON terminals to postsynaptic mGluR1s on mitral cell apical dendrites. Taken together with other findings, the present results suggest that mGluR1s may not play a major role in phasic responses to ON input, but instead may play an important role in shaping slow oscillatory activity in mitral cells and/or activity-dependent regulation of plasticity at ONmitral cell synapses.
I N T R O D U C T I O N
Axons from the olfactory receptor neurons form the olfactory nerve (ON), which terminates in the glomeruli of the main olfactory bulb. Within the glomeruli, ON nerve terminals form glutamatergic synapses with the apical dendrites of mitral and tufted cells, as well as with juxtaglomerular interneurons . Anatomical and physiological studies have demonstrated that sensory transmission at ON-mitral cell synapses is mediated by glutamate acting at ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) ionotropic glutamate receptors (Aroniadou-Anderjaska et al. 1997; Bardoni et al. 1996; Berkowicz et al. 1994; Chen and Shepherd 1997; Ennis et al. 1996; Giustetto et al. 1997; Keller et al. 1998; Montague and Greer 1999) .
Mitral cells also express high levels of metabotropic glutamate receptors (mGluRs). Specifically, the group I mGluR subtype mGluR1 is expressed at high levels by mitral cells (Martin et al. 1992; Masu et al. 1991; Sahara et al. 2001; Shigemoto et al. 1992 ) and the splice variant mGluR1a has been localized postsynaptically at ON synapses (Van den Pol 1995) . This expression pattern suggests that mGluR1 could mediate mitral cell responses to ON input. Consistent with this possibility, mGluR1 agonists depolarize mitral cells, whereas mGluR antagonists have been reported to attenuate ON-evoked spiking and slow oscillations in mitral cells (Heinbockel et al. 2004; Schoppa and Westbrook 2001) . More recent studies suggest that ON-evoked excitatory postsynaptic potentials in a subset of mitral cells exhibit a small mGluR1-mediated component in normal physiological conditions (De Saint Jan and Westbrook 2005) . The latter study also demonstrated that mGluR1-mediated excitatory postsynaptic potentials (EPSPs) elicited by single ON pulses were limited by glutamate-uptake mechanisms. Previous studies in the cerebellum and other CNS synapses (Batchelor and Garthwaite 1997; Huang et al. 2004; Karakossian and Otis 2004; Reichelt and Knopfel 2002; Shen and Johnson 1997; Tempia et al. 1998 Tempia et al. , 2001 ) demonstrated that mGluRs are preferentially activated by high-frequency synaptic activity. Therefore the goal of the present study was to investigate the contribution of mGluR1 in mitral cell responses elicited over a range of ON stimulation frequencies comparable to odor-evoked firing frequencies of olfactory receptor neurons in vivo (Duchamp-Viret et al. 1999) . To address this question, patch-clamp electrophysiology was performed in rat olfactory bulb slices.
M E T H O D S

Slice preparation
Sprague-Dawley rats (21-29 days old, Charles River Lab), of either sex, were decapitated in accordance with Institutional Animal Care and Use Committee and National Institutes of Health guidelines. Their olfactory bulbs were removed and immersed in sucrose-artificial cerebrospinal fluid (sucrose-ACSF) equilibrated with 95% O 2 -5% CO 2 (pH ϭ 7.38) as previously described . The sucrose-ACSF had the following composition (in mM): 26 NaHCO 3 , 1 NaH 2 PO 4 , 2 KCl, 5 MgSO 4 , 0.5 CaCl 2 , 10 glucose, and 248 sucrose. Horizontal slices (400 m thick) were cut with a microslicer (Vibratome 3000, St. Louis, MO). After a 15-min period of recovery at 30°C, slices were incubated until used at room temperature (22°C) in normal ACSF equilibrated with 95% O 2 -5% CO 2 (composition in mM: 120 NaCl, 3 KCl, 1.3 CaCl 2 , 1.3 MgSO 4 , 25 NaHCO 3 , 5 BES, and 10 glucose; pH 7.27 and 300 mOsm (Heyward and Clarke 1995; Heyward et al. 2001) . For recording, a single slice was placed in a recording chamber and continuously perfused at the rate of 1.5 ml/min with normal ACSF, maintained at 30 Ϯ 0.2°C.
Electrophysiological recordings
Visually guided recordings from mitral cells in the mitral cell layer (MCL) were made with near-infrared differential interference contrast (NIR-DIC) optics, a 40 ϫ water immersion objective, and Olympus microscope (BX50WI microscope, Olympus Optical, Tokyo, Japan). NIR transillumination was at 900 nm (filter transmission, 850 -950 nm) concentric with the objective and optimized for DIC. A 0.5-in. CCD camera (CCD100, Dage, Stamford, CT) fitted with a 3-to-1 zooming coupler (Optem, Fairport, NY), was used. The image was displayed on a monochrome monitor (Dage HR120, Dage-MTI, Michigan City, IN). Patch pipettes were pulled from borosilicate glass capillaries with an inner filament (1.5 mm OD, Clark, Kent, UK) on a pipette puller (P-97, Sutter Instrument, Novato, CA) and were filled with a solution of the following composition (in mM): 125 Kgluconate, 2 MgCl 2 , 10 HEPES, 2 ATP, 0.2 GTP, 1 NaCl, and 0.2 EGTA; pH 7.2 and 296 mOsm. Tip diameter was 2-3 m; tip resistance was 5-8 M⍀. Seal resistance was routinely Ͼ8 G⍀. Recordings were obtained using an Axopatch 200B or a Multiclamp 700A amplifier (Axon Instruments, Foster City, CA). The liquid junction potential was 9 -10 mV, and all reported voltage measurements were not corrected for these potentials. Analog signals were low-pass Bessel filtered at 2 kHz. Data were collected through a Digidata 1200A/1322A interface (Axon Instruments), digitized at 5 kHz, and stored on computer hard disk using Clampex 8.0/9.0 software (Axon Instruments). The holding membrane potential was Ϫ60 mV. For whole cell current-clamp recording, holding currents (Ϫ80 to Ϫ100 pA) were generated under manual control of the recording amplifier. Data analysis was performed using Clampfit 8.0/9.0 analysis software (Axon Instruments). Because of the long duration of ON-evoked responses, statistical tests were performed on the charge transfer (integral) of the responses. The integral of excitatory postsynaptic currents (EPSCs) were calculated with Origin 7.0 (Origin Lab, Northampton, MA). However, in all cases examined (data from Figs. 1-3), statistical tests performed on the peak amplitude and charge transfer of evoked responses produced similar results. Numerical data are expressed as the means Ϯ SE. Tests for statistical significance (P Ͻ 0.05) were performed using one-way ANOVA followed by Student-Newman-Keul post hoc comparisons; in some cases Student's t-test were used (Sigma Stat 2.03).
Olfactory nerve and lateral olfactory tract stimulation
The olfactory nerve (ON) layer and the lateral olfactory tract were stimulated (Grass S8800 and PSIU7; Astro-Med, West Warwick, RI) using bipolar twisted stainless steel wire electrodes (75 m diameter, insulated except for the tip) as previously described (AroniadouAnderjaska et al. 1999a,b; Hayar et al. 2004a; Heinbockel et al. 2004 ). Constant-current stimuli, 0.1 ms in duration and 10 -1,000 A in intensity, were used. The ON stimulating electrode was positioned to lie radial to the mitral cell layer recording site, within the ON layer. In some experiments, a stimulation electrode was placed in the lateral olfactory tract (LOT) for antidromic activation of mitral and tufted cells as previously described (Aroniadou-Anderjaska et al. 1999a . The following stimulation frequencies were used: 0.2-Hz single-pulse stimulation or six pulses delivered at 10, 50, 100, or 200 Hz; individual trains were delivered at 5-s intervals (i.e., 0.2 Hz). For each cell, responses to single-pulse and one-train frequency were tested. Responses were averaged for five trials at each stimulation frequency and intensity. The peak amplitude and integral (charge transfer) of evoked responses were calculated from such averages. Note that LY341495 elicited a small but nonsignificant reduction (P Ͼ 0.05) in the mean size of the evoked EPSCs, whereas ionotropic glutamate and ␥-aminobutyric acid (GABA) receptor antagonists eliminated the evoked EPSCs. *P Ͻ 0.001 vs. EPSC in control ACSF or in the presence of LY341495; Newman-Keul post hoc comparisons following a one-way ANOVA for drug treatment (P Ͻ 0.001). B: bar graphs of group data from similar experiments investigating the effect of the selective mGluR1 antagonist, LY367385 (100 M), on ON-evoked EPSCs elicited by single-pulse or 50-Hz ON stimulation (n ϭ 5 mitral cells). LY367385 did not affect the integral of the evoked EPSCs (P Ͼ 0.05). *P Ͻ 0.002 vs. EPSC in control ACSF or in the presence of LY367385; Newman-Keul post hoc comparisons following a one-way ANOVA for drug treatment (P Ͻ 0.001).
Drugs and solutions
Drugs and solutions were applied to the slice by switching the perfusion with a three-way electronic valve system. Recording medium and pipette solution components were from Sigma-Aldrich (St. Louis, MO). The following drugs were applied to the bath: D-threob-hydroxyaspartic acid (THA), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), gabazine (SR95531), and (Ϯ)-2-amino-5-phosphopentanoic acid (APV) from Sigma-Aldrich; (R,S)-(Ϯ)-sulpiride, CGP55845, D-threo-␤-benzyloxyaspartate (D-TBOA), tetrodotoxin (TTX), LY367385, and LY341495 from Tocris Cookson (Ellisville, MO). In some experiments (Fig. 3A) , a low-Ca 2ϩ ACSF was used in which CaCl 2 was reduced to 0.5 mM and MgCl 2 was increased to 8 mM.
R E S U L T S
ON-evoked responses exhibit a minimal mGluR component in normal media
We first investigated the involvement of mGluRs in ONevoked responses recorded in normal ACSF. In voltage-clamp recordings (holding potential ϭ Ϫ60 mV), single-pulse stimulation of the ON-evoked EPSCs with a mean onset latency of 3.9 Ϯ 0.2 ms (n ϭ 55); the amplitude of EPSCs increased with stimulation intensity (10 -600 A) and ranged from 20 to 150 pA. Comparable to previous reports (Carlson et al. 2000 ; De Saint Jan and Westbrook 2005), ON-evoked EPSCs were of long duration (Յ2 s, Figs. 1 and 3). The effects of broad spectrum and selective mGluR antagonists were tested on EPSCs evoked by near-threshold (about 50 A) and suprathreshold (about 300 A) ON stimulation intensities. As shown in Fig. 1 , the broad-spectrum mGluR antagonist LY341495 elicited a small (Ͻ10%) but nonsignificant (P Ͼ 0.05) overall decrease in the integral of ON-evoked EPSCs (Fig. 1A) . However, in a subset of cells (four of 11 tested at 50 A), LY341495 reduced the amplitude of the ON-evoked response by Ͼ15% (range: 17-47% reduction, mean reduction ϭ 26.7 Ϯ 7.1%). The mean baseline ON-evoked response in these four cells did not differ from that for the other seven cells. Additionally, there was no evidence for a bimodal distribution in the degree of inhibition by LY341495 (Fig. 1A ) in the 11 cells tested, suggesting that the mGluR component of ON-evoked responses varies among mitral cells. Similar effects to those just described were observed after application of the mGluR1 selective antagonist LY367385 (Fig. 1B) . Application of antagonists to ionotropic glutamate and ␥-aminobutyric acid (GABA) receptors (fast synaptic blockers; CNQX 10 M, APV 100 M, and gabazine 10 M) reversibly eliminated (P Ͻ 0.001) the ON-evoked responses (Fig. 1) . These results indicate that ON-evoked responses in only a subset (36%) of mitral cells exhibit a modest mGluR1-mediated component.
A recent study reported a modest mGluR1 component of ON-evoked responses in a subset of mitral cells recorded in current-clamp conditions (De Saint Jan and Westbrook 2005). Therefore we investigated the effects of LY341495 on ONevoked EPSPs in mitral cells (Fig. 2) . There was no difference (6.1 Ϯ 5.5% reduction) between the amplitude of EPSPs evoked by single ON stimuli (60 -100 A) before or during application of 100 M LY341495 (13.8 Ϯ 1.9 vs. 12.7 Ϯ 1.4 mV, n ϭ 5, P Ͼ 0.05, Fig. 2A ). ON-evoked EPSPs were completely attenuated by application of fast synaptic blockers (CNQX, APV, and gabazine: 1.9 Ϯ 0.4 mV, n ϭ 5, P Ͻ 0.001 vs. normal ACSF or LY341495). mGluRs are preferentially activated by high-frequency activity at many CNS synapses (Batchelor and Garthwaite 1997; Huang et al. 2004; Karakossian and Otis 2004; Reichelt and Knopfel 2002; Shen and Johnson 1997; Tempia et al. 1998 Tempia et al. , 2001 and previous studies have shown that odors produce brief bursts of high-frequency spikes (Յ100 Hz) in olfactory receptor neurons in vivo (Duchamp-Viret et al. 1999 ). Therefore we investigated whether high-frequency stimulation of the ON in normal media evokes a more substantial mGluR component in mitral cells. As presented below, ON-evoked responses in mitral cells were near maximal with 50-Hz ON stimulation (Fig. 3) . Therefore we tested whether mGluR antagonists alter the responses evoked by six ON pulses delivered at 50 Hz. As shown in Fig. 1 , neither the mean amplitude nor the integral of responses evoked by 50-Hz stimulation in normal ACSF was significantly attenuated by LY341495 (100 M, n ϭ 5, P Ͼ 0.05) or LY367385 (100 M, n ϭ 5, P Ͼ 0.05). In the same cells, subsequent application of fast synaptic blockers largely eliminated the responses elicited FIG. 2. Inhibition of glutamate uptake reveals significant mGluR-mediated ON-evoked excitatory postsynaptic potentials (EPSPs) in mitral cells. A: ON-evoked EPSPs (a) were not significantly affected by the mGluR antagonist LY341495 (b) but were blocked by the fast synaptic blockers: CNQX ϩ APV ϩ gabazine (c). Right bar graphs: group data from 5 mitral cells. *P Ͻ 0.001; Newman-Keul post hoc comparisons following a one-way ANOVA for drug treatment (P Ͻ 0.001). B: ON-evoked EPSPs were almost completely blocked by the fast synaptic blockers (a). Application of the glutamate uptake blockers D-threo-␤-benzyloxyaspartate (TBOA) ϩ D-threo-b-hydroxyaspartic acid (THA) (b) significantly enhanced the evoked EPSP, an effect that was reversed by the mGluR antagonist LY341495 (c). Right bar graph: group data from 5 mitral cells in each condition. *P Ͻ 0.001; Newman-Keul post hoc comparisons following a one-way ANOVA for drug treatment (P Ͻ 0.001).
by 50-Hz stimulation (Fig. 1) . Taken together, these findings indicate that the involvement of mGluRs in ON-evoked excitation of mitral cells is modest under baseline physiological conditions in vitro.
Inhibition of glutamate transport and reuptake reveals "latent" mGluR components of ON-evoked responses in fast synaptic blockers
Activation of mGluRs by synaptically released glutamate is limited by glutamate reuptake mechanisms (Diamond and Jahr 2000; Huang et al. 2004; Reichelt and Knopfel 2002) . We wondered whether glutamate reuptake limits activation of mGluRs on mitral cells. As shown in Fig. 3 , we measured EPSCs evoked by ON stimulation over a range of stimulation intensities (10 -1,000 A) and stimulation frequencies (single pulse to 200 Hz; see METHODS) in the presence of fast synaptic blockers to isolate potential mGluR-mediated responses. These procedures were then repeated (in the presence of fast synaptic blockers) after bath application of the glutamate transporter inhibitors TBOA (100 M; Jabaudon et al. 1999 ) and THA (300 M; Balcar et al. 1977) . TBOA and THA were applied together to maximize inhibition of glutamate uptake.
Consistent with results described above, application of fast synaptic blockers largely eliminated the ON-evoked responses, although at the high stimulation intensities (300 or 600 A), a small EPSC (4 -10 pA) remained (Figs. 3 and 4) . As shown in Figs. 2B, 3, and 4, application of the glutamate uptake inhibitors TBOA (100 M) and THA (300 M) in the presence of fast synaptic blockers substantially increased ON-evoked responses. This increase was observed within 1-2 min of TBOA-THA application, appeared to be maximal by 3-5 min, and remained constant as long as the inhibitors were present in the bath. As shown in Figs. 3 and 4 , TBOA-THA significantly increased the responses elicited by 60 -100 A and higher (Figs. 2B and 3) . In nearly all cases, the EPSCs were significantly reduced to values equivalent to those elicited in the presence of fast synaptic blockers alone (Figs. 2B and 3) . The small residual responses that persisted in the presence of fast synaptic blockers and LY341495 were abolished by application of low-Ca 2ϩ ACSF (Fig. 3A , n ϭ 7 mitral cells). The residual responses were also abolished by application of TTX (1 M, data not shown).
ON-evoked responses in TBOA-THA are mediated by activation of mGluR1
The preceding results with TBOA-THA demonstrate that glutamate reuptake/transport inhibitors normally limit glutamate's access to mGluRs in mitral cells. Mitral cells express several mGluR subtypes, but mGluR1a is densely expressed by these cells and is localized postsynaptically to ON synapses (Van den Pol 1995). Therefore we investigated the involvement of mGluR1 in a set of experiments similar to those just described. We compared a more limited range of stimulation intensities (50 and 300 A) and frequencies (single pulse and 50 Hz). As shown in Fig. 4 , the mGluR1 antagonist LY367385 (100 M) significantly attenuated ON-evoked EPSCs recorded in the presence of fast synaptic blockers and TBOA-THA. There were no significant differences in the amplitude or integral of the responses evoked in the presence of fast synaptic blockers versus fast blockers, TBOA-TBA and LY367385 (Fig. 4) . These results indicate that the ON-evoked responses enhanced by TBOA-THA are mediated by mGluR1.
D 2 receptor and GABA B -receptor-mediated presynaptic inhibition does not limit expression of mGluR-mediated responses to ON input in the presence of fast synaptic blockers
Previous studies demonstrate that glutamate release from ON terminals is presynaptically regulated by GABA and dopamine released from periglomerular neurons (AroniadouAnderjaska et al. 2000; Ennis et al. 2001; Murphy et al. 2005; Wachowiak et al. 2005 ). This inhibition is tonically active, at least for GABA B receptors on ON terminals, and is maximal for repetitive stimuli at frequencies similar to those in the present experiments (Aroniadou-Anderjaska et al. 2000). Thus we wondered whether presynaptic inhibition might limit glutamate release from ON terminals, and thus activation of postsynaptic mGluRs, during bursts of ON activity. Application of the D 2 receptor antagonist sulpiride (100 M) and the GABA B receptor antagonist CGP55685 (10 M) in the presence of fast synaptic blockers did not increase EPSCs elicited by single-pulse or 200-Hz ON stimulation (Fig. 5A) . Subsequent addition of TBOA and THA significantly increased the EPSCs (P Ͻ 0.05, n ϭ 3). The size of the EPSCs elicited in the fast synaptic blockers ϩ TBOA-THA ϩ sulpiride-CGP55685 were larger than those elicited in the same conditions without sulpiride-CGP55685 (Fig. 5B ). This suggests that in the presence of fast synaptic blockers and glutamate uptake inhibitors, activation of mGluRs in response to ON input is capable of stimulating sufficient GABA and/or dopamine release from juxtaglomerular neurons to presynaptically inhibit ON terminals. The responses enhanced by TBOA-THA were totally blocked by LY341495 (50 M, n ϭ 3; Fig. 5A ). These experiments indicate that in the presence of fast synaptic blockers presynaptic inhibition of ON terminals does not limit activation of mGluRs in response to ON input. However, when extracellular glutamate levels are increased by TBOA-THA in the same condition, activation of mGluRs can limit ON-evoked responses by presynaptic inhibition of ON terminals.
Lateral olfactory tract (LOT) stimulation-evoked EPSCs are not altered by inhibition of glutamate uptake
In addition to glutamate input from the ON, recurrent excitatory interactions occur among mitral and tufted cells by spillover of dendritically released glutamate (AroniadouAnderjaska et al. 1999b; Carlson et al. 2000; Hayar et al. 2005) . To investigate the relative role of glutamate released by ON terminals versus mitral/tufted cell dendrites, we measured glutamatergic excitatory responses elicited by LOT-evoked antidromic activation of mitral/tufted cells (Aroniadou-Anderjaska et al. 1999a Carlson et al. 2000) . In this experiment, we compared responses elicited by single-pulse and 50-Hz stimulation using a range of stimulation intensities (Fig.  6) . In normal ACSF, the amplitude of LOT-evoked EPSCs was typically 50% smaller than that elicited by ON stimulation at identical stimulation intensities or frequencies. Similar to ONevoked responses, application of fast synaptic blockers eliminated LOT-evoked excitatory responses in all nine mitral cells tested, in agreement with previous findings (Aroniadou -Anderjaska et al. 1999b; Carlson et al. 2000; Laaris et al. 2002) . Unlike ON-evoked responses, addition of TBOA-THA did not increase the amplitude of the responses elicited by LOT stimulation (Fig. 6) . LOT-evoked responses fully or partially recovered within 20 min after washout of fast synaptic blockers (n ϭ 5). These results indicate that glutamate released by LOT stimulation in the presence of fast synaptic blockers does not engage a significant mGluR-mediated response even when glutamate-uptake mechanisms are inhibited.
D I S C U S S I O N
The present results demonstrate that a single ON spike or brief high-frequency bursts of ON stimulation engage a modest mGluR-mediated current in a subset of mitral cells in normal physiological conditions in vitro. However, in the presence of antagonists of ionotropic glutamate and GABA receptors, inhibition of glutamate uptake disclosed substantial ON-evoked, mGluR-mediated currents. Such responses appeared to be triggered specifically by ON inputs because antidromic activation of mitral/tufted cells did not elicit responses in identical conditions. Taken together, these results indicate that glutamate uptake and transport mechanisms significantly limit mGluR-mediated currents in mitral cells in response to ON input.
The present results indicate that the involvement of mGluR1 in ON-evoked responses of mitral cells is modest under normal physiological conditions in rat olfactory bulb slices. Although LY341495 or LY367385 reduced ON-evoked responses in a subset of mitral cells, overall neither of these mGluR antago- (10, 30, 40, 50, 60, 100, 300, 600 , and 1,000 A) with single pulses (left) or with 6 pulses at 50 Hz (right); n ϭ 9 mitral cells in all conditions. Individual lines correspond to the pharmacological conditions indicated at the top left of the figure. Typical LOT-evoked EPSCs (stimulation intensity: 300 A) are shown in insets in both panels and correspond to conditions indicated at top left in each panel by letters a-c. LOTevoked EPSCs were largely attenuated by application of CNQX (10 M), APV (100 M), and gabazine. Subsequent application of TBOA (100 M) and THA (300 M) had no significant effect on the EPSCs, nor did further application of LY341495. LOT-evoked responses partially recovered to baseline values within 10 -20 min after washout with normal ACSF (n ϭ 5). (2000) that spontaneous or ONevoked long-lasting depolarizations in mitral cells were not affected by mGluR antagonism. Differences among the three studies may be explained by recording conditions (ACSF composition, temperature), species, and age of animals.
Previous studies suggest that MOB expresses three of the five known glutamate transporters: GLAST, GLT1, and EAAC1 (Utsumi et al. 2001) . GLAST and GLT1 are robustly expressed in glial cells in the glomerular layer, whereas EAAC1 is expressed in neurons throughout the bulb (Utsumi et al. 2001) . The present findings demonstrate that glutamateuptake mechanisms potently regulate access of glutamate released from ON terminals to postsynaptic mGluR1s on mitral cell apical dendrites. Thus application of the glutamate-uptake inhibitors THA and TBOA revealed mGluR1-dependent, ONevoked EPSCs in mitral cells in the presence of ionotropic glutamate and GABA receptor antagonists. These findings are in excellent agreement with a similar study by De Saint Jan and Westbrook (2005) . The present findings indicate that there is a critical threshold for ON-evoked activation of mGluR1 on mitral cells. In the presence of glutamate-uptake and fast synaptic blockers, expression of mGluR1-mediated EPSCs required stimulation of Ն50 A, suggesting that these responses require simultaneous activation of multiple ON axons converging on the same glomerulus. The amplitude of mGluR1-mediated responses also varied with stimulation frequency and was maximal with brief bursts of ON activity at frequencies from 10 to 50 Hz. This suggests that odors triggering bursts of spikes in olfactory receptor neurons in vitro (Reisert and Matthews 2001) and TTX-sensitive synchronized oscillatory activity in vivo (Dorries and Kauer 2000) will be most effective in activating mGluR1 in the glomeruli.
An important question is the source of glutamate mediating the mGluR1 responses revealed in the presence of THA-TBOA. Tufted cells, including external tufted cells in the glomeruli, as well as mitral cells release glutamate in response to ON stimulation (Hayar et al. 2004b (Hayar et al. , 2005 Isaacson 1999; Isaacson and Strowbridge 1998; Murphy et al. 2005 (Hayar et al. 2004a,b) and it is possible that ON stimulation activates more mitral/tufted cells than LOT stimulation. As a consequence, the concentration of glutamate released in a glomerulus might be higher with ON stimulation.
Previous studies demonstrate that mitral and tufted cells robustly express mGluR1 (Martin et al. 1992; Masu et al. 1991; Sahara et al. 2001; Shigemoto et al. 1992; Van den Pol 1995) . The level of mGuR1a expression in mitral cells is higher than that in other regions of the brain with the exception of the cerebellum (Van den Pol 1995) . Within the glomeruli, mGluR1a has been specifically localized at the EM level to postsynaptic portions of mitral cell apical dendrites receiving input from ON terminals (Van den Pol 1995) . Bath application of mGluR1 agonists elicited inward currents and directly depolarized mitral cells (Heinbockel et al. 2004; Schoppa and Westbrook 1997) . In view of these observations, it is surprising that ON stimulation in normal media does not engage more robust mGluR1-mediated excitation of mitral cells than observed here or by others (De Saint Jan and Westbrook 2005) . The EC 50 of mGluR1 for glutamate (about 10 M; Pin and Duvoisin 1995) is higher than that of NMDA receptors (0.6 -2.9 M depending on receptor subtype; Anson et al. 1998; Kutsuwada et al. 1992; McBain and Mayer 1994; Moriyoshi et al. 1991) , but much less than that for AMPA receptors (Ͼ100 M; Patneau and Mayer 1990) . In view of the relative affinities of mGluR1, AMPA, and NMDA receptors for glutamate and the fact that synaptically released glutamate from ON terminals readily activates AMPA and NMDA receptors on mitral cell apical dendrites in normal physiological conditions, it seems unlikely that the lack of mGluR1 responses arises from insufficient synaptic glutamate concentration to activate these receptors. Because mGluRs are coupled to IP 3 and intracellular calcium release pathways, it is plausible that mGluRs may bind glutamate but do not generate a measurable current (Wang et al. 2000) , especially if coupling between mGluRs and the ion channels mediating the current is nonlinear. An additional possibility is that the intracellular components involved in mGluR1 transduction could run down as a result of dialysis during whole cell patch-clamp recordings.
Rather than playing a major role in "fast" synaptic transmission, an alternative possibility is that mGluR1s may play a more influential role in shaping slow temporal patterns of mitral cell responses to ON input or in regulating activitydependent plasticity at ON-mitral cell synapses. Mitral cell spontaneous firing is reduced by mGluR antagonists, suggesting that mitral cells are tonically excited by endogenously released glutamate acting at mGluR1 (Heinbockel et al. 2004 ). Slow (2-Hz) mitral cell oscillations elicited by ON stimulation are reduced in frequency and duration by mGluR antagonists (Schoppa and Westbrook 2001) . Recent findings also suggest that mGluRs are involved in the expression of long-term depression at ON-mitral cell synapses (Mutoh et al. 2005 ).
